In this study, we present a potential method to predict the highest surface temperature reached during the heating by Raman analysis for CFRP ablator, which is commonly used in aerospace fields as a material of thermal protection system. The specimens are heated using various treatments such as static heating and dynamic heating by arc jet in inert and active environments followed by Raman analysis. The results obtained in this study indicate that the relationship between the highest surface temperature and the Raman parameters is independent of the heat treatment. The estimation method suggested for the highest surface temperature is based on Raman spectroscopic analysis.
Introduction
It is well known that a phenolic-based carbon fiber-reinforced phenolic resin composite, referred to as phenolic CFRP herein, has excellent heat resistance and insulation, and is currently used such as a rocket nozzle material of solid rocket and a thermal protection material for re-entry spacecraft. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] It is generally difficult to measure the in-situ temperature of this material in a real application, such as reentry capsules, from the ground. The unknown temperature of the material in such cases may lead to an inefficient design feedback due to the lack of validity of the simulation model relative to the actual usages. As a result, it may adversely affect the weight savings for aerospace applications; even while the weight may be reduced significantly. If the highest temperature of the ablative material can be identified after its use or test, it can efficiently support the design feedback. Moreover, the ablating behavior is very complicated, wherein recession due to erosion, expansion due to internal gas pressure, 21) and thermal deformation and pyrolysis shrinkage all coexist during heating. The highest surface temperature information is therefore indispensable, but not sufficient, to study for example the catalytic property or convective heating to the stagnation point and so on.
Phenolic CFRP is a hard-graphitization material, in which the degree of graphitization most likely changes when it is heated above its manufacturing temperature. Hence, the highest temperature a CFRP can sustain may be estimated by measuring its degree of graphitization. Once this highest temperature estimation method is established, it will be useful not only for the aforementioned applications but also for supersonic aircraft parts and various engines. [22] [23] [24] Raman analysis is a commonly used technique for the evaluation of the degree of graphitization. Tallant et al. 25) presented the temperature dependent Raman spectra for a heated rayon CFRP, which is a rayon-based carbon fiber-reinforced phenolic resin composite. The rayon-based carbon fiber has a lower thermal conductivity compared with that of the polyacrylonitrile-based carbon fiber and pitch-based carbon fiber, 26) and hence it is also a hard-graphitization carbon material similar to phenolic CFRP. The results presented by Tallant et al. for a rayon CFRP cannot be simply applied to the phenolic CFRP used in this study because Tallant et al. performed their study using static heating under an inert atmosphere, but the phenolic CFRP is usually exposed to rapid heating under ultra-high-speed airflow in an active atmosphere.
This study presents a potential method to estimate the highest surface temperature reached during the heat treatment of phenolic CFRP using Raman analysis. The phenolic CFRP consists of a phenolic-based carbon fiber and phenolic resin, and it exhibits a porous carbon structure with approximately 70% charred when heated over 1000 C. The porous carbon material exhibits the characteristic G-band of graphite at ³1580 cm ¹1 and the disorder induced D-band at ³1360 cm ¹1 in a typical Raman spectrum. Here, we use the following four parameters for the Raman data analysis: the D/G peak intensity ratio (¼ I 1360 =I 1580 ), full width at half maximum for the G-band and D-band, and ratio of the integrated areas of the D-band/G-band. The relationships between these four factors and the highest surface temperature of the phenolic CFRPs are discussed. Although the method is limited to estimate "the highest surface temperature," the advantage of this method is the easiness of data acquisition; e.g. we can estimate the temperature of reentry capsule any time after the reentry. Figure 1 shows the relative location of each experiment performed in this study. First, a static heat treatment is performed under an inert atmosphere (nitrogen or argon), which is exactly similar to the experiment conducted by Tallant et al. 25) for an internally manufactured rayon CFRP and the phenolic CFRP. Second, a rapid heat treatment is performed for the phenolic CFRP under an inert atmosphere using the arc jet wind tunnel located at JAXA. Finally, a rapid heat treatment in an active environment (air) is also performed using the arc jet wind tunnel. Each specimen after the heat treatments is analyzed by Raman spectroscopy, and we discuss the relationships between the aforementioned four factors and surface temperature of the specimen during the heat treatments.
Heat Treatment Conditions during the Specimen Preparation

Specimen
The specimens used in this study are the phenolic CFRP, phenolic-based carbon fiber cloth and rayon CFRP. The phenolic CFRP is the main test specimen, which consists of a phenolic-based carbon fiber cloth and phenolic resin manufactured by hand-layup of semi-cured prepreg. For reference, we also investigate the phenolic-based carbon fiber cloth by itself (Gun-ei Kagaku Inc.) and rayon CFRP consisting of a rayon-based carbon fiber and phenolic resin, which is probably similar to the specimen used in Ref. 25 ). Due to the company's confidentiality policy, any other information, including the specimen fabrication conditions, lamination stacking sequence, and woven structure cannot be disclosed in this paper. However, the authors believe that the unknown information does not influence the results obtained in this study. Table 1 summarizes the conditions of static heat treatment, which is performed under an inert atmosphere using a graphitization furnace. For this study, a duration of approximately 30 minutes is considered to be sufficient to achieve a thermal equilibrium inside the furnace, thereby allowing us to assume that the furnace temperature is same as the specimen surface temperature. The temperature ramp rate is approximately 10-20 C/min.
Static heating
Arc jet testing in an inert atmosphere
We only investigate the phenolic CFRP specimen by arc jet test using the planet-reentry simulating wind-tunnel facility located at the Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency (ISAS/JAXA). The arc jet test is performed under an inert nitrogen environment. The test conditions and the highest surface temperature are listed in Table 2 . The specimen surface temperature is measured using a radiation thermometer and the specification of the thermometer is shown in Table 3 . face temperature during the heat treatment. The measured temperature is stable at each heating rate as shown in Fig. 2 .
Arc jet testing in an active environment
The arc jet testing is also performed in an active environment such as air. Figure 3 shows a photograph of this heating treatment. The gas stream passing through the arc jet comes from the nozzle located to the left hand side in Fig. 3 and then flows over the specimen surface. This experiment is most similar to the exposure of an actual phenolic CFRP used as a thermal protection system material in actual usages. Table 4 shows the test conditions and the highest surface temperature reached during the arc jet test in air. Figure 4 shows the surface temperature of CFRP specimen during arc-heated wind tunnel test under air. The variation in the surface temperature is measured using a radiation thermometer. Unlike the temperature history observed for the arc jet test under an inert atmosphere shown in Fig. 2 , the surface temperature is not stable at a heating rate of 10 MW/m 2 in air as illustrated in Fig. 4 . The schematic view of experimental set-up of surface-temperature measurement system is shown in Fig. 5 . The light gray part is the specimen and the orange part behind the specimen is a thermal insulator used for this test. The phenolic CFRP specimen shows a recession, which is a surface regression due to the oxidation in air resulting in an unstable surface temperature. During the active oxidation state, the recession is rapid and the radiation thermometer goes out of focus. As a result, the surface temperature measurement may not be correct, and therefore this study regards the results of specimen heated at 10 MW/m 2 in an active environment as reference data. The actual surface temperature is expected to be higher than that measured but we take the maximum value of Fig. 4 in the present study. 3. Raman Analysis
Measurement conditions
For this study, the Raman spectra are measured using a T64000 Raman system (JOBIN YVON Inc.) located at the Tokyo City University. The specification of the Raman system is shown in Table 5 . The argon laser was focused with a 1®m diameter on the specimen surfaces and we obtained Raman spectra. As shown in Fig. 6 , measured points are determined at the carbon fiber on the surface using optical microscope; the measurement point is inside of the spot where the surface temperature measured by the pyrometer.
For the Raman peak parameter analysis, all observed peaks are assigned as Fig. 7(a) . 27, 28) In this study, we focused on the peak 1 and peak 2, i.e. D-band and G-band, respectively. At first, a baseline is obtained in the range of 250-3400 cm ¹1 , the measured spectra are then peak-fitted by using the Lorentzian functions, as shown in Fig. 7(a) for an example. Next, the D/G relative intensity ratio (¼ I 1360 =I 1580 ), full width at half maximum (FWHM) for the G-band and D-band, and ratio of the integrated areas of the D-band/G-band are calculated, as indicated in Fig. 7(b) .
Results and discussion
Before describing results, the four Raman parameters introduced in this study are meaningfully explained here. First of all, I 1360 =I 1580 will decrease when SP3 bonding decreases and SP2 bonding increases. Hence, the values is expected to decrease with temperature. FWHM of D-band will decrease when SP3 bonding regarding amorphous region decreases.
FWHM of G-band will decrease when graphite-like SP2 bonding increases. The ratio of the integrated areas of the D-band/G-band indicates broad ratio of D-band/G-band, not limiting amorphous and graphite.
It should be noted that the results and discussions mentioned hereafter are limited at the case for which each constant heating rate is kept over 60 s. This is not realistic heating environment when we assume reentry in which heating rate changes with time, and this discussion is intended for a baseline for estimating method of the highest temperature. The authors are not sure this discussion is applicable when heating time is shorter than 60 s. Figure 8 compares the four peak parameters presented by Tallant et al. 25) with those obtained in this study for the rayon Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 6, 2016 CFRP. Although these results (Ref. 25 ) and ours are obtained using different heat treatments, the relationships between the four peak parameters and specimen temperature in both cases are quantitatively similar. Both studies show that the maximum value of the D/G peak intensity ratio is around 2000 C, and the FWHM values of the G-band and D-band gradually decrease with increasing temperature.
Next, we compare the relationships between the four peak parameters and specimen temperature for the phenolic CFRP and phenolic-based carbon fiber cloth with those reported in Ref 25) . Figure 9 indicates that the results for all three materials agree well with each other in spite of the different type of carbon fiber. Thus, we confirm that there is a relationship between the four Raman parameters and heat treatment temperature during static heating under an inert atmosphere, and the rayon CFRP and phenolic CFRP exhibit similar temperature dependent behaviors for same peak parameters.
Finally, the relationships between specimen temperature and the four Raman parameters calculated after static heating are compared with those calculated after arc jet testing under active and inert conditions for the phenolic CFRP (Fig. 10) . Note the data presented in Fig. 10 ranges very widely from the static heat treatment under an inert atmosphere to arc jet testing in an active environment under dynamic pressure due to the arc-jet flow rate and oxidation phenomenon. This study confirms that the heating method does not significantly affect the relationship between the highest surface temperature and the four Raman parameters determined from the peak-fitted spectra.
Based on the experimental results (Figs. 8-10 ), this study suggests a potential method to estimate the highest surface temperature for the phenolic CFRP. Below 2000 C, the full width at half maximum of the D-band is relatively more sensitive to the specimen temperature. For example, with temperature increase from 1000 C to 2000 C, FWHM of Dband is reduced to one-third, which is the most sensitive response among the four parameters. We shall suggest it can be used to estimate the highest surface temperature of this range. On the other hand, the D/G peak intensity ratio shows a strong temperature dependence above 2000 C; it becomes to one-third or quarter as temperature increases from 2000 C to 3000 C, which is the most significant decrease. The D/G peak intensity ratio can be used as an indicator to predict the specimen temperature. For both indicators, when their values are given, we can estimate the highest temperature with scattering of 200 C or little more on a consideration of the results. Hence, using the two Raman parameters, i.e., the D/ G peak intensity ratio and FWHM of the D-band, we can probably estimate the highest surface temperature of the phenolic CFRP after the use. It should be noted also that this result is applicable only when the constant heating rate is kept no less than 60 s.
Conclusion
In this study, we investigate a potential method to predict the highest specimen temperature by Raman spectroscopy for the phenolic CFRP, which is used as a thermal protection system material in the aerospace industry. Three specimens used for this study include the phenolic CFRP composed of a phenolic-based carbon fiber cloth and phenolic resin, phenolic-based carbon fiber cloth and rayon CFRP consist- For comparison purpose, experimental results reported by Tallant et al. 25) are also shown in the figure. method for the phenolic CFRP used over a wide temperature range.
